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Muscle satellite cells have been shown to be a heterogeneous population of committed myogenic progeni-
tors and noncommitted stem cells. This hierarchical composition of differentiating progenitors and self-
renewable stem cells assures the extraordinary regenerative capacity of skeletal muscles. Recent studies
have revealed a role for asymmetric division in satellite cell maintenance and offer novel insights into the reg-
ulation of satellite cell function by the niche. A thorough understanding of the molecular regulation and cell
fate determination of satellite cells and other potential stem cells resident inmuscle is essential for successful
stem cell-based therapies to treat muscular diseases.Satellite Cells as Muscle-Specific Adult Stem Cells
Satellite cells were initially identified by electron microscopy
based on their anatomical localization and distinct morphology
(Mauro, 1961). They were described as being mononucleated
cells located between the plasma membrane of a muscle fiber
and the basal membrane that wraps up the muscle fiber along
its whole length (Mauro, 1961). Similar mononucleated cells
were also found associated with the intrafusal muscle fibers in
muscle spindles (Katz, 1961).
The identification of the satellite cell immediately made them
the top candidate for the long sought after myogenic progenitor
responsible for the remarkable regenerative capacity of skeletal
muscle. Indeed, it was speculated in Mauro’s original study that
satellite cells represent dormant embryonic myoblasts that are
ready to recapitulate embryonic muscle development upon
damage (Mauro, 1961). The demonstration that satellite cells
are capable of myogenic differentiation in vitro and in vivo was
subsequently supported by elegant early studies (Bischoff,
1975; Konigsberg et al., 1975; Lipton and Schultz, 1979; Moss
and Leblond, 1971; Snow, 1978), and confirmed by recent stud-
ies (Collins et al., 2005; Kuang et al., 2007;Montarras et al., 2005;
Sherwood et al., 2004). Furthermore, radioisotope labeling of
satellite cells in growing muscle indicates that following mitosis
half of the daughters differentiate into myonuclei while the other
half remain as continual dividing satellite cells, suggesting satel-
lite cells are capable of self-renewal in vivo (Moss and Leblond,
1971). The self-renewal capacity of satellite cells has now been
unequivocally demonstrated (Collins et al., 2005; Kuang et al.,
2007; Montarras et al., 2005). Together, their myogenic differen-
tiation and self-renewal functions qualify satellite cells as a pop-
ulation of adult stem cells.
Satellite cells and muscle regeneration comprise a unique
model system with which to study adult stem cell biology. As
mentioned earlier, satellite cells reside in a well-defined anatom-
ical niche, a feature allowing for unambiguous identification of
these cells. In addition, a panel of molecular markers have
been shown to be expressed by satellite cells (Kuang and Rud-
nicki, 2008), providing additional tools for their identification22 Cell Stem Cell 2, January 2008 ª2008 Elsevier Inc.and prospective isolation. Of particular interest, the paired-box
transcriptional factor Pax7 is an evolutionarily conserved spe-
cific marker for both quiescent and activated satellite cells,
and plays a pivotal role in the satellite cell lineage development
and function (Seale et al., 2000). Furthermore, there are various
muscle injury models and pathological conditions in which the
behavior and function of satellite cells can be investigated
in vivo (Charge and Rudnicki, 2004).
Satellite Cells Are Heterogeneous Populations
of Stem and Progenitor Cells
Emerging studies have suggested that significant heterogeneity
exists within the satellite cell niche (Beauchamp et al., 2000; Col-
lins et al., 2005; Kuang et al., 2007; Schultz, 1996; Sherwood
et al., 2004). A long-standing question has been whether such
heterogeneity has any biological significance, for example hier-
archical lineage relationships, or different developmental origins,
of subpopulations of satellite cells. Furthermore, although satel-
lite cells are known to be heterogeneous in their myogenic
potential (Collins et al., 2005; Sherwood et al., 2004), it is unclear
whether they are also heterogeneous in their intrinsic self-renew-
ing capacity.
Using Cre-loxP (Myf5-Cre/ROSA-YFP)-mediated lineage
tracing, we have recently demonstrated that the satellite cell
niche contains hierarchical subpopulations of Pax7+YFP
(10%) and Pax7+YFP+ (90%) cells (Kuang et al., 2007). In
this system, any YFP+ cells must have once activated Myf5, or
derived from progenitors that had once activated Myf5, the ear-
liest expressed transcriptional factor that marks myogenic com-
mitment (Tajbakhsh et al., 1997). The Pax7+YFP+ satellite cells
therefore represent a subpopulation of committed myogenic
progenitors. Although the Cre-loxP system does not indicate
whether Pax7+YFP+ cells concurrently express Myf5, a parallel
Myf5-nlacZ reporter system strongly suggests they do. Specifi-
cally, 90% satellite cells are lacZ+ while 10% are lacZ in
the Myf5-nlacZ reporter mice (Beauchamp et al., 2000; Day
et al., 2007; Kuang et al., 2007). For the remainder of this Review,
we use the term ‘‘Pax7+Myf5+’’ to refer to this population of
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Myf5 but do not necessarily express Myf5 concurrently.
In contrast, Pax7+YFP defines a subpopulation of noncom-
mitted putative stem cells that have never activated Myf5 them-
selves or in their ancestors (these noncommitted cells are
referred to as ‘‘Pax7+Myf5’’ in this Review). Clonal analyses
demonstrate that Pax7+Myf5 cells can give rise to Pax7+Myf5+
progenies, suggesting a lineage relationship between these sub-
populations of satellite cells. Furthermore, prospective isolation
and transplantation of the Pax7+Myf5 stem and Pax7+Myf5+
progenitor cells suggest that the self-renewing activity resides
in the stem cell fraction, whereas the progenitor subpopulation
readily differentiates (Kuang et al., 2007). These results therefore
provide phenotypical and functional evidence of a hierarchy
within the satellite cell niche.
Mechanisms of Satellite Cell Self-Renewal
Asymmetric versus Stochastic Self-Renewal
The balance between self-renewal and differentiation is crucial
for stem cell maintenance and tissue homeostasis. Dysfunction
leading to decreased self-renewal would eventually lead to
depletion of the stem cell population, while uncontrolled self-
renewal would result in overproduction of stem cells and poten-
tially tumorigenesis. In principle, one mechanism to achieve this
balance is through an asymmetric division that generates two
unequal daughter cells: one destined to self-renew and the other
to differentiate (Figure 1A). Another mechanism to maintain stem
cell homeostasis is through a stochastic self-renewal process. In
this scenario, identical daughter cells are originally generated by
symmetric divisions, but they subsequently adopt distinct fates
stochastically (Figure 1B). Alternatively, a modified stochastic
self-renewal may occur, in which some stem cells exclusively
generate self-renewing daughters whereas others generate
differentiating daughters, so that a stable stem cell number is
maintained (Figure 1C).
Recent advances have revealed a critical role for asymmetric
division in satellite cell self-renewal in vivo and in vitro. First,
asymmetric cosegregation of older (immortal) and younger
DNA strands into different daughter cells was documented in
a proportion of satellite cells during muscle growth and regener-
ation (Conboy et al., 2007; Shinin et al., 2006). In these studies,
a short pulse of BrdU during S phase was used to label newly
synthesizedDNA strands, or a long pulse of BrdU during consec-
utive rounds of S phase was used to label all DNA strands, fol-
lowed by a chase period in which no BrdU was presented to al-
low for the segregation of BrdU-labeled DNA strands. Consistent
with the ‘‘immortal DNA strand’’ hypothesis (Cairns, 1975), these
BrdU pulse-chasing experiments demonstrate that all the older
template DNA strands are cosegregated into the self-renewing
daughter cells, which express the stem cell marker Sca1. In con-
trast, all the younger template DNA strands are cosegregated
into the differentiating daughter cells that express the differenti-
ation marker Desmin (Conboy et al., 2007) (Figure 2A). Similar
cosegregation of DNA strands occurs in epithelial and neural
stem cells, but not in hematopoietic stem cells and several other
immortalized cell lines (Karpowicz et al., 2005; Kiel et al., 2007;
Shinin et al., 2006; Smith, 2005). Intriguingly, the frequency of
asymmetric DNA cosegregation drastically reduces with time
in vitro (Conboy et al., 2007; Shinin et al., 2006), suggestingthat the stem cell niche is essential for asymmetric cell divisions.
Because asymmetric DNA strand segregation only occurs in
a fraction of satellite cells (Conboy et al., 2007; Shinin et al.,
2006), currently the question remains whether DNA cosegrega-
tion is a constitutive property of a primitive subpopulation of sat-
ellite cells that maintains the homeostasis of the satellite cell
niche. If this is true, it will be of interest to identify the unique
molecular markers of these cells.
Second, Numb-mediated asymmetric divisions have been ob-
served during satellite cell proliferation and muscle progenitor
cell development (Figure 2B). During embryonic myogenesis,
Numb is asymmetrically localized to a crescent cortical zone
close to thebasal laminaof apical-basal-orienteddividingmuscle
progenitors (Holowacz et al., 2006; Venters andOrdahl, 2005). Ei-
ther gain- or loss-of-function of Numb results in reciprocal dupli-
cation of certain muscle groups while missing others in Dro-
sophila (Carmena et al., 1998; Ruiz Gomez and Bate, 1997),
suggesting an important role for Numb in muscle lineage devel-
opment and cell fate determination. Asymmetric distribution of
cytoplasmicNumb intoonepoleof adividing satellite cell-derived
myoblast is associated with cell fate determination of the daugh-
ter cells. Daughter cells that have inheritedNumbalso receivedall
the older template DNA strands (Shinin et al., 2006), suggesting
they are the self-renewing cells according to the immortal DNA
strand hypothesis. However, Numb has also been shown to be
asymmetrically segregated into the differentiating daughtermyo-
blasts (Conboy and Rando, 2002), consistent with its role in
repressing Notch, whose downstream signaling is important for
stem cell self-renewal. This obvious discrepancy may be due to
differences in the cell-cycle phase during which the observations
were made, as the subcellular localization and function of Numb
Figure 1. Mechanisms of Stem Cell Self-Renewal
(A) An asymmetric division directly results in asymmetric self-renewal and dif-
ferentiation of daughter cells.
(B) A symmetric division generates two undetermined daughter cells, followed
by a stochastic cell fate determination, where either daughter may randomly
self-renew or differentiate.
(C) Symmetric divisions directly generate two identical self-renewing daugh-
ters or two differentiating daughters.
Blue, stem cells; purple, cells committed to differentiate; yellow, fate-undeter-
mined cells; curved block arrows, self-renewal; tan, differentiated cells.Cell Stem Cell 2, January 2008 ª2008 Elsevier Inc. 23
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shall address whether asymmetric Numb segregation is associ-
ated with satellite cell fate determination in vivo and the functional
importanceofNumb insatellitecell self-renewalanddifferentiation.
Third,wehavedemonstrated that anoncommittedPax7+Myf5
satellite cell can asymmetrically generate a self-renewal
(Pax7+Myf5) and a committed (Pax7+Myf5+) daughter cell in vivo
(Kuang et al., 2007). We hypothesize that this asymmetric
cell fate segregation directly results from asymmetric divisions,
as the fate of a daughter cell is predictable based on its anatom-
ical localization and the axis of division (discussed below). In ad-
dition, our results suggest that the self-renewed Pax7+Myf5
cells have never activatedMyf5 during proliferation, as opposed
to the stochastic self-renewal model that would predict an initial
upregulation of Myf5 in all activated proliferating cells, followed
by self-renewal through downregulation of Myf5. These results
further indicate that opposing signaling pathways must be pres-
ent in the two daughter cells that function to activate or repress
Myf5 gene expression. Delta-1 is asymmetrically expressed by
the two daughter cells, with higher expression in the differentiat-
ing daughter (Figure 2C), indicating Notch signaling could be
acandidate.However,whetherMyf5 is a target ofNotch signaling
remains unclear (Delfini et al., 2000; Kopan et al., 1994).
Together, these three lines of evidence therefore support the
notion that asymmetric division and signals within the satellite
cell niche co-operate to regulate stem cell self-renewal. It re-
mains to be determined whether these different modes of asym-
metric divisions are regulated by similar signaling machinery, or
whether they represent another level of heterogeneity among
subpopulations of satellite cells.
Although the results above all point to a role of asymmetric di-
vision in satellite cell self-renewal, they do not exclude other pos-
Figure 2. Three Modes of Asymmetric Cell Fate
Determination in Satellite Cells
(A) Asymmetric cosegregation of older and newer tem-
plate DNA strand into daughter cells. The daughter cell
that inherits the older template DNA strands also ex-
presses Sca1, suggesting that it has adopted a self-
renewing fate. In contrast, the daughter cell that inherits
the newer template DNA strands coexpresses Desmin,
indicating that it has adopted a fate to differentiate.
(B) Numb-mediated asymmetric divisions. During mitosis,
Numb protein, known to be involved in cell fate determina-
tion in neural stem cells, is segregated to one pole and
therefore inherited by one daughter cell. However, it is un-
clear whether the daughter cell that inherits Numb subse-
quently self-renews or differentiates (see text).
(C) Asymmetric self-renewal of Pax7+Myf5 satellite cells.
Apical-basal-oriented divisions give rise to a self-renewed
Pax7+Myf5 and a committed Pax7+Myf5+ daughter cell.
The committed Pax7+Myf5+ daughter cell also expresses
higher levels of Delta1.
Blue, stem cells; purple, cells committed to differentiate;
black and white, molecular mechanisms lead to asymmet-
ric cell fate; curved block arrows, self-renewal.
sible mechanisms (Figures 1B and 1C). Dynam-
ics of Pax7, MyoD, and Myogenin expression in
proliferatinganddifferentiatingmyoblasts in vitro
suggest that a stochastic cell-cycle withdrawal
mechanism may underlie the self-renewal of
satellite cells (Halevy et al., 2004; Olguin and
Olwin, 2004; Zammit et al., 2004). Specifically, quiescent satellite
cells (Pax7+MyoD) synchronously upregulate MyoD upon acti-
vation, enter the cell cycle, and proliferate as Pax7+MyoD+
myoblasts. Some of these Pax7+MyoD+ myoblasts then
downregulate MyoD, withdraw from cell cycle, and return to
quiescence (Pax7+MyoD), whereas others downregulate Pax7,
upregulate Myogenin, and enter the differentiation program
(Pax7MyoD+Myogenin+). However, it is questionable whether
such a stochastic self-renewal model, in which both the self-
renewal and differentiating cells are derived from a common
Pax7+MyoD+ intermediate, predicts satellite cell behavior in vivo.
Immunolabeling of regenerating muscle demonstrates that
activated satellite cells do not synchronously express MyoD in
vivo (Cooper et al., 1999). It would be crucial to examine whether
all satellite cells turn on MyoD upon activation in vivo using
Cre-loxP-mediated lineage tracing.
Self-Renewal of Satellite Cells under Growth,
Injury, and Pathological Conditions
It is plausible to speculate that these models of symmetric and
asymmetric self-renewal may reflect the dynamics of satellite
cell behavior under various physiological conditions, such as
growth, injury, and diseases. During normal physiological growth
and maintenance of muscle, only a small number of myonuclei
are replenished at any given time point (Spalding et al., 2005).
Because there is no injury site where new nuclei are specifically
demanded, satellite cells do not need to migrate away from their
natural niche in order to achieve the task of adding nuclei to the
host myofiber while maintaining a stable pool size of self-renewal
cells. In this scenario, asymmetric division would be the most
economic choice, whereby each cell division generates a self-
renewing and a differentiating cell. The self-renewal cell then
withdraws from the cell cycle, while the differentiating cell may24 Cell Stem Cell 2, January 2008 ª2008 Elsevier Inc.
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entiation. The early cell-cycle withdrawal of the self-renewal
cell prevents extensive shortening of telomere length and accel-
erated senescence associated with increased rounds of divi-
sions. Our finding of suppressed Myf5 activation in the self-
renewing cell and increasedMyf5 activation in the differentiating
cell (Figure 2C) is consistent with this asymmetric division model
and the function of Myf5, which has been recently shown to
support the transient proliferation of myogenic progenitors
(Gayraud-Morel et al., 2007; Ustanina et al., 2007).
Under injury conditions, massive muscle degeneration not
only activates satellite cells associated with the degenerated
muscle, but also recruits satellite cells from neighboring intact
muscles. It has been shown that although myonuclei rapidly de-
generate upon muscle injury, the basal lamina that surround
myofibers and satellite cells are spared. These form the structural
framework and cellular components for muscle regeneration.
In addition, acute injuries require rapid expansion of satellite cells
from neighboring noninjured muscle and other muscle-resident
and circulating myogenic stem cells to ensure a sufficient num-
ber of myonuclei for effective regeneration. In this scenario, sym-
metric divisions are the best choice, but perhaps at the expense
of accelerated senescence of the self-renewal cells due to multi-
ple rounds of proliferation. In support of this view, satellite cells
predominately divide symmetrically upon cardiotoxin-induced
muscle regeneration (Conboy et al., 2007; Kuang et al., 2007;
Shinin et al., 2006). It is unknown whether these symmetrically
divided daughters subsequently adopt distinct cell fates. If so,
does the cell fate segregation act in a predictable way in response
to instructive signals from the niche or through a stochastic pro-
cess? Analysis of myoblast behavior in vitro suggests that
a subpopulation of the transient proliferating cells regain quies-
cence and become satellite cells on the newly formed myofibers,
probably in response to signals from these nascent myofibers
(Day et al., 2007).
Under pathological conditions, a combination of chronic and
acute injury is likely to occur in the muscle. Therefore, we spec-
ulate that the mode of satellite cell division and self-renewal is
largely dependent on the severity and progression of specific
diseases. It is also possible that disruption of the molecular
machinery governing asymmetric cell division under certain
disease conditions could lead to deregulated cell divisions.
For example, it has been reported that satellite cells from the
muscle of the mdx mouse, a model for Duchenne muscular
dystrophy, display accelerated differentiation kinetics (Ya-
blonka-Reuveni and Anderson, 2006), suggesting a deficit in
satellite cell self-renewal. However, it remains to be determined
whether this is due to a depletion of the stem cell subpopula-
tion or due to the constitutive activation of satellite cells in
mdx muscles. Furthermore, it remains largely unknown whether
the heterogeneity and stem cell characteristics of satellite cells
are altered under pathological conditions, such as muscular
dystrophies.
Niche Regulation of Satellite Cell Fate
Stem cell niche refers to the local microenvironment that sup-
ports the maintenance of stem cell identity and regulates the
function of stem cells. Recent studies have elucidated the impor-
tant role of niche in hematopoietic stem cells, intestinal cryptstem cells, hair follicle stem cells, neural stem cells, and Dro-
sophila germline stem cells (Fuchs et al., 2004; Moore and Le-
mischka, 2006; Scadden, 2006). In particular, the stem cell niche
can direct the asymmetric generation and issuance of commit-
ted daughter cells from the niche without disrupting the homeo-
stasis of stem cells within the niche.
Satellite Cells Reside in a Defined Anatomical Niche
Satellite cells are localized along the surface of muscle fibers un-
der the basal lamina. As such, one important component of the
satellite cell niche is the hostmuscle fiber. Mechanical, electrical,
and chemical signals from the host fiber have all been shown to
be involved in the regulation of satellite cell function (Charge and
Rudnicki, 2004; Molgo et al., 2004; Tatsumi et al., 2006). Equally
important is the basal lamina as a component of the satellite cell
niche. Basal lamina is a major component of the extracellular
matrix (ECM) and consists mainly of laminin, collagen, and pro-
teoglycans. Anchoring to the basal lamina is vital for the mainte-
nance of stem cell identity in several other systems (Fuchs et al.,
2004). A third component of the satellite cell niche is the micro-
vasculature that nourishes, and interstitial cells that interact
with, satellite cells. In humans and mice, 68% and 82% of satel-
lite cells, respectively, are found to be localized within 5 mm from
neighboring capillaries or vascular endothelial cells, under both
quiescence and proliferation states (Christov et al., 2007). Extrin-
sic signals from the circulatory system and interstitial cells, such
as macrophages, fibroblasts, and muscle-resident stem cells,
are relayed to satellite cells through the basal lamina. These
anatomical features of satellite cell niche therefore suggest
that a combination of signals from the host muscle fiber, circula-
tion system, and ECM govern the quiescence, activation, and
proliferation of satellite cells.
How Do Signals within the Niche Regulate
Satellite Cell Function?
Accumulating evidence indicates that the function of stem cells
is regulated by signals from the niche. For instance, although
the number of satellite cells is decreased in aged muscle, their
intrinsic myogenic potential and self-renewal capacity remains
unaltered (Shefer et al., 2006). Old muscle grafted to a young
host resulted in robust activation and regeneration of grafted
cells, whereas young satellite cells perform poorly in an old
host (Carlson and Faulkner, 1989; Zacks and Sheff, 1982). Sim-
ilar results were observed in parabiosis systems where young
and aged systematic environments (circulation) were joined
(Conboy et al., 2005). A key question is to address the identity
of molecular signals within the satellite cell niche that play
a key role in regulating satellite cell function.
Some of the extracellular signaling molecules involved in the
regulation of quiescence, activation, proliferation, and differenti-
ation of satellite cells are summarized in Table 1. The intense fo-
cus of several recent studies was to identify signals that regulate
the quiescence of satellite cells. Caveolin-1 and sphingomyelin
are specifically expressed in the caveolae (membrane invagina-
tions/lipid rafts) of quiescent satellite cells (Nagata et al., 2006;
Schubert et al., 2007; Volonte et al., 2005). Caveolin-1 has
been shown to regulate the internalization of caveolae and may
thus trigger sphingomyelin signaling. Notably, caveolin-1-medi-
ated internalization of caveolae occurs concomitantly with cell
detachment from the ECM, and regulates integrin-mediated
downstream activation of the Erk MAP kinase, PI3K, and RacCell Stem Cell 2, January 2008 ª2008 Elsevier Inc. 25
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hypothesize that laminin-integrin adhesion regulates satellite
cell quiescence through inhibition of caveolin-1-dependent
endocytosis of sphingomyelin signaling. In addition, calcitonin
receptors (CTR) have been shown to be exclusively expressed
in the quiescent satellite cells, suggesting that calcitonin signal-
ing is also involved in maintaining quiescence (Fukada et al.,
2007). However, it is currently unknown how these signalingmol-
ecules trigger intracellular machinery that leads to quiescence.
It has been established that activation of quiescent satellite
cells depends on HGF that is released from damagedmyofibers.
Table 1. Extracellular Signals Regulating Satellite Cell Function
Signal Source Receptor Function
HGF ECM c-Met Activation (Tatsumi et al.,
1998)
bFGF ECM/satellite cell FGFR Proliferation, inhibition
of differentiation (DiMario
et al., 1989)
IGF-1 Circulation/ECM IGFR-1 Proliferation and
differentiation (Machida
and Booth, 2004)
Myostatin Circulation/satellite
cell
ACVR2 Inhibition of activation
and self-renewal
(McCroskery et al., 2003)
Wnt ECM Frizzled Cell fate
(Brack et al., 2007;
Polesskaya et al., 2003)
BDNF Satellite cell p75NTR Inhibition of
differentiation (Mousavi
and Jasmin, 2006)
Calcitonin Circulation CTR Quiescence (Fukada
et al., 2007)
SDF-1 Myofiber CXCR4 Migration
(Ratajczak et al., 2003;
Sherwood et al., 2004)
EGF ECM ErbBR Activation and survival
(Golding et al., 2007)
TWEAK Macrophage Fn14 Proliferation, inhibition
of differentiation
(Girgenrath et al., 2006)
NO Myofiber N/A Activation/quiescence
(Tatsumi et al., 2006;
Wozniak and Anderson,
2007)
Delta-1 Satellite cell Notch Proliferation/self-renewal
(Conboy et al., 2003;
Kuang et al., 2007;
Schuster-Gossler et al.,
2007)
VLA4 Myofiber VCAM Myoblast fusion (Rosen
et al., 1992)
Laminin Basal lamina Integrin ECM signaling,
cell adhesion,
quiescence (Burkin and
Kaufman, 1999)
M-Cad Myofiber M-Cad Myoblast fusion,
cell adhesion (Irintchev
et al., 1994)26 Cell Stem Cell 2, January 2008 ª2008 Elsevier Inc.Recent studies indicate that nitric oxide (NO) signaling may act
upstream of HGF tomodulate the activation of satellite cells (Tat-
sumi et al., 2006; Wozniak and Anderson, 2007). In addition,
although it is present in quiescent satellite cells, sphingomyelin
signaling has been implicated in the cell-cycle entry of activated
satellite cells (Nagata et al., 2006). In contrast, myostatin, a neg-
ative regulator of muscle growth, has been shown to inhibit the
activation of satellite cells through an unknown mechanism
(McCroskery et al., 2003).
Recently,our labhasdiscoveredthat the transmembraneprotein
Megf10 regulates satellite cell activation. Megf10 is expressed in
quiescent and activated satellite cells, and its overexpression en-
hancesproliferation (Holtermanetal., 2007).Megf10genesilencing
forcessatellitecells towardadifferentiation fate,whiledepleting the
self-renewing Pax7+MyoD population (Holterman et al., 2007;
Zammit et al., 2004). In addition, inhibition of Megf10 prevents
Notch expression, which could explain the reduced proliferation
and self-renewal of these satellite cells (Conboy et al., 2003; Con-
boy and Rando, 2002; Holterman et al., 2007; Kuang et al., 2007).
It is intriguing tospeculate thatMegf10couldalso function in return-
inga subset of activatedsatellite cells toaquiescent state,perhaps
through activation of distinct target substrates.
Activated satellite cells face cell fate choices between self-
renewal and differentiation. Wnt and Notch signaling are both in-
volved in the cell fate regulation of satellite cells. Wnt signaling
seems to act as a double-edged sword: on one hand, it has
been shown to induce myogenic specification of muscle stem
cells during regeneration; on the other hand, it has been shown
to repress the myogenic lineage and force satellite cells to an al-
ternative lineage, leading to fibrosis in aged muscle (Brack et al.,
2007; Polesskaya et al., 2003). Intriguingly, differentiation of
myoblasts in vitro and in vivo is correlated with an upregulation
of canonical Wnt signaling. Furthermore, ectopic Wnt induces
premature muscle differentiation whereas inhibition of Wnt sig-
naling interferes with muscle differentiation (Brack et al., 2008).
Perhaps these results are not so surprising given the variety of
Wnts and the diversity of Wnt signaling pathways (Gordon and
Nusse, 2006). Therefore, the source of Wnt proteins in the mus-
cle and their specific function in satellite cells are important ave-
nues of future investigations.
Notch signaling has been emerging as amajor regulator of sat-
ellite cell proliferation and self-renewal. Knockout of Delta-1,
a Notch ligand, or RBP/J, a nuclear mediator of Notch signaling,
results in similar deficits in embryonic myogenic cells and abla-
tion of satellite cells (Schuster-Gossler et al., 2007; Vasyutina
et al., 2007). Likewise, pharmacological blockage of Notch
signaling inhibits satellite cell proliferation and self-renewal,
whereas enhancement of Notch signaling promotes muscle
regeneration in aged muscle (Conboy et al., 2003; Kuang et al.,
2007). In asymmetrically divided myoblasts, the differentiating
daughter expresses higher levels of Delta-1 that presumably ini-
tiates Notch signaling to promote self-renewal of the neighboring
sister cell (Kuang et al., 2007). It remains unclear how the differ-
ential expression of Delta-1 and Notch in newly divided myo-
blasts and different subpopulations of quiescent satellite cells
is established, and what are the Notch target genes that are
involved in satellite cell self-renewal.
Proliferation and differentiation of satellite cells are also regu-
lated by different growth factors and cytokines, including bFGF,
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Polarity and Daughter Cell Fate by Niche
(A) Immunostaining of a freshly isolated single my-
ofiber showing some key components of a satellite
cell niche. The satellite cell is labeled with Pax7
(in blue). Red, laminin; green, M-cadherin; white,
nuclei revealed with DAPI.
(B) A diagram redrawn from (A) showing how dif-
ferential signals from the extracellular matrix
(ECM) (black arrow) and the host myofiber (yellow
arrow) might impose on the satellite cell to estab-
lish a polarity.
(C) A planar-oriented division would deposit both
daughter cells under identical influence of apical
and basal signals.
(D) In contrast, an apical-basal-oriented division
(the mitotic spindle is perpendicular to the basal
laminin) would result in a situation where the
daughter cell attached to the basal lamina and
the one attached to the host myofiber are exposed
to different signals.IGF, EGF, BDNF VEGF, PDGF, TWEAK, IL-6, and LIF (Table 1
and data not shown). Surprisingly, p38 MAP kinase, whose
role in promoting differentiation has been well documented,
also functions downstream of bFGF to stimulate activated satel-
lite cell proliferation (Jones et al., 2005; Palacios and Puri, 2006).
This finding suggests that p38 regulates distinct targets depend-
ing on its temporal kinetics, resulting in separate functions during
myogenesis. It will also be interesting to determine whether p38
signaling regulates Myf5 expression following asymmetric cell
division, as it has been reported to be necessary for Xmyf5 ex-
pression in Xenopus (Keren et al., 2005). An intriguing hypothesis
would be the differential expression of Notch and p38 in the self-
renewal (Pax7+Myf5) and committed (Pax7+Myf5+) daughter
cells, respectively.
It is worthwhile to emphasize that the ECM, particularly the
heparan sulfate proteoglycans, play important roles in the regu-
lation of many cell surface signaling pathways (Jenniskens et al.,
2006). For instance, Syndecans-3/4 each regulate different as-
pects of satellite cell activation and differentiation (Cornelison
et al., 2004). Moreover, variations in the sulfation patterns of
the heparan sulfate side chains can influence the biological
activity and accessibility of signaling molecules such as growth
factors, chemokines, morphogens, and Wnts (Langsdorf et al.,
2007; Olwin and Rapraeger, 1992). In fact, inhibition of protein
sulfation on muscle fibers in culture retards satellite cell prolifer-
ation (Cornelison et al., 2001). It will be a challenging task to
define the specific ECM components enriched at the satellite
cell niche and how they regulate the various extracellular signals
involved in the self-renewal, proliferation, and differentiation of
satellite cells.
Niche Regulation of Satellite Cell Asymmetric Division
The basis for asymmetric division within the stem cell niche is cell
polarity, which is established within the niche through cell-cell
and cell-ECM interactions (Fuchs et al., 2004). The basal lamina
side of a satellite cell expresses integrin a7b1 receptors that in-
teract with laminin, whereas the apical (opposite to the basal)
side expresses the cell adhesion molecule M-cadherin thatdocks the satellite cell onto, and transduces signals from, the
host fiber (Figures 3A and 3B) (Burkin and Kaufman, 1999;
Cornelison and Wold, 1997). The asymmetric distribution of
cell surface receptors and adhesion molecules in response to
differential apical-basal niche signals forms a structural basis
for cell polarity.
In view of the asymmetrically distributed apical-basal signals,
one would predict that a planar-oriented cell division would gen-
erate two daughter cells that are exposed to both apical and
basal signals, resulting in identical cell fate (Figure 3C). In con-
trast, an apical-basal-oriented cell division would give rise to
two daughter cells that are exposed to either apical or basal sig-
nals, leading to cell fate divergence (Figure 3D). These predic-
tions are strongly supported by our recent observations that api-
cal-basal divided satellite cells give rise to asymmetric cell fate
segregation. More importantly, the daughter that remains in con-
tact with the basal lamina adopts a self-renewal fate and the
daughter that loses basal lamina contact adopts a commitment
or differentiation fate (Kuang et al., 2007). This mode of asym-
metric cell fate segregation would also facilitate the fusion of
the differentiating daughter, as it is directly pushed into the
host myofiber upon cell division. It remains to be determined
what the key signals are and how they cooperatively establish
satellite cell polarity and the mitotic spindle orientation. Answers
to these questions will lead to the elucidation of molecular ma-
chinery regulating the self-renewal and differentiation of satellite
cells.
Therapeutic Potential of Satellite Cells
and Other Muscle-Resident Stem Cells
Given their superior myogenic potential and self-renewal ca-
pacity, satellite cells represent ideal candidates for stem cell-
based therapy to treat muscle-wasting diseases. However, their
clinical use has not been without serious limitations, including
their incompatibility with systemic delivery, and their poor sur-
vival and migration following intramuscular injection. Recently
though, several populations of cells with stem cell-like propertiesCell Stem Cell 2, January 2008 ª2008 Elsevier Inc. 27
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ation following injury. Of particular interest are progenitor popu-
lations derived from the endothelial lineage, including mesoan-
gioblasts, pericytes, and CD133+ (AC133+) stem cells. Not only
do these cells exhibit an excellent capacity for muscle regener-
ation, but because they are endothelial in origin, they express
the necessary cell surface molecules to allow them to cross
the endothelium, and therefore they can be administered by
intra-arterial injection.
Mesoangioblasts are vessel-associated stem cells originally
derived from the embryonic dorsal aorta, but they can also be
isolated postnatally (De Angelis et al., 1999; Minasi et al.,
2002). They possess a high myogenic potential and successfully
contribute to muscle regeneration. In fact, intra-arterial delivery
of mesoangioblasts into dystrophic muscles of mice and dogs
restores dystrophin glycoprotein complex assembly at the sar-
colemma, resulting in functional muscle fibers and increased
motility (Sampaolesi et al., 2003, 2006). No significant immune
response was generated against the allogeneic donor mesoan-
gioblasts either, demonstrating these cells are appropriate for
transplantation therapy. One question that remains to be ad-
dressed is whether these cells can repopulate the host satellite
cell compartment.
Pericytes that surround the microvasculature in adult tissue
are thought to be developmentally derived from mesoangio-
blasts (Cossu and Bianco, 2003; Dellavalle et al., 2007; Minasi
et al., 2002). Pericytes isolated from human skeletal muscle
can differentiate into myotubes when cocultured with amyoblast
cell line or evenwhen cultured alone inmuscle differentiationme-
dia (Dellavalle et al., 2007). Surprisingly, this occurs almost as ef-
fectively as with human satellite cell-derivedmyoblasts in culture
(Dellavalle et al., 2007). Conversely, pericytes isolated from
mouse retinas failed to form de novo myotubes, but in fact
only fused with existing myotubes while reprogramming their
nuclei toward the myogenic program (Kirillova et al., 2007).
Although the exact reason for this discrepancy is unclear, the
length of pericyte culture, including the number of population
doublings, or the originating species, could be a contributing
factor.
Importantly, it has been shown that long-term cultured peri-
cytes possess the intrinsic ability to respond to myogenic induc-
tion signals, similar to the quiescent satellite cell, making them
potential candidates for stem cell therapy of skeletal muscle
diseases. Following consecutive intra-arterial injections into dys-
trophic mice, human pericyte-derived cells differentiated into
muscle fibers significantly more efficiently than satellite cells
(Dellavalle et al., 2007), presumably because satellite cells can-
not cross the endothelial barrier. Moreover, a small population
of pericyte-derived cells was found localized beneath the basal
lamina of the muscle fiber, in a position reminiscent of the satel-
lite cell, while expressing the satellite cell marker M-cadherin
(Dellavalle et al., 2007). This implies that pericytes possess the
ability to reconstitute the satellite cell compartment, albeit at
a very low efficiency.
CD133+ stem cells circulate through the bloodstream and
possess the potential to repair damaged skeletal muscle, likely
by fusing with existing fibers (Torrente et al., 2004). Moreover,
donor CD133+ stem cells were detected in the satellite cell posi-
tion following injection, indicating they can reconstitute the sat-28 Cell Stem Cell 2, January 2008 ª2008 Elsevier Inc.ellite cell compartment. Importantly, Benchaouir and colleagues
very recently demonstrated that CD133+ stem cells isolated from
human dystrophic muscle could be engineered ex vivo to restore
dystrophin expression and subsequently delivered into mouse
dystrophic muscle to partially rescue this phenotype (Bench-
aouir et al., 2007). Future studies should focus on how the ther-
apeutic potential of these cells compares with that of satellite
cells, along with other endothelial-derived cells, such as peri-
cytes.
From a practical view, these endothelial-derived or circulating
cells possess several advantages for stem cell therapy. First,
mesoangioblasts and pericytes have a much greater capacity
to proliferate in culture compared to satellite cells, thereby allow-
ing for the generation of high cell numbers for injection frommin-
imal starting populations. Pericyte-derived cells maintained
a high proliferative capacity for20 doublings, which is sufficient
for treatment of a pediatric patient, whereas mesoangioblasts
can be maintained for at least 60 passages (Dellavalle et al.,
2007; Minasi et al., 2002). In addition, these cells can be deliv-
ered systematically through intra-arterial injections. With intra-
muscular injections, which are required for satellite cell therapy,
donor cells fail tomigrate far from the injection site, meaningmul-
tiple injections into the same muscle are required (Morgan et al.,
1993). This process is very inefficient and is very uncomfortable
for the recipient. Intra-arterial delivery allows for significantly
fewer injections, while resulting in a similar efficiency of regener-
ation compared with satellite cells. Finally, both pericytes and
CD133+ stem cells have been manipulated ex vivo (Benchaouir
et al., 2007; Dellavalle et al., 2007), meaning autologous donor
cells can be isolated from the patient, thus eliminating serious
immune complications and rejection of the stem cell transplant.
It currently remains unclear whether pericyte-derived cells or
CD133+ stem cells, delivered intra-arterially, actually contribute
to host regeneration more efficiently than satellite cells injected
intramuscularly.
The use of CD133+ cells or pericytes for stem cell therapies is
not without its consequences though. For instance, pericytes
possess the ability to differentiate into a variety of mesenchymal
tissues, including bone (Doherty and Canfield, 1999; Schor et al.,
1995). This could present a problem not only for intra-arterial
injection, with residual pericytes enhancing the risk for arterial
calcification, but also within degenerating skeletal muscle tissue,
where a myriad of extracellular signals, including inflammatory
cytokines, could direct these cells toward a nonmuscle fate. Be-
cause CD133+ stem cells are also multipotential, it is likely they
will pose similar risks. In addition, the risk of additional side ef-
fects, such as thrombosis resulting from the high numbers of in-
jected cells, remains to be ascertained. Moreover, the ability to
target certain muscles through intra-arterial injections may also
be a limiting factor.
Under physiological conditions, satellite cells are thought to
represent the only source of cells responsible for mediatingmus-
cle growth and regeneration (Partridge, 2004; Sherwood et al.,
2004; Zammit et al., 2002). However, under disease conditions,
where the satellite cell pool becomes exhausted, such as is
seen in Duchenne muscular dystrophy, these endothelial cells
could migrate into skeletal muscle and fuse with existing muscle
fibers, or perhaps differentiate into de novomuscle fibers or even
replenish the satellite cell compartment. If this is the case,
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mediate,’’ or else the severe muscle phenotype of the Pax7
null mouse, which is almost completely devoid of satellite cells,
would be much less pronounced (Kuang et al., 2006; Seale
et al., 2000). With these endothelial-derived cells possessing
such a high myogenic capacity in culture and following trans-
plantation, it becomes important to ascertain their function in,
or contribution to, myogenesis and the satellite cell niche under
normal physiological conditions. Because pericytes are located
in very close proximity to the satellite cell niche (Christov et al.,
2007; Day et al., 2007; Dellavalle et al., 2007), an intriguing hy-
pothesis is that theymay secrete factors that establish, maintain,
or regulate the satellite cell niche (see Table 1). One interesting
candidate is Wnt proteins, which have been shown to regulate
satellite cell fate and muscle differentiation.
Conclusions and Future Directions
Emerging evidence demonstrates that the satellite cell niche
contains hierarchical subpopulations of cells that differ in pheno-
type and function. The molecular mechanisms regulating satel-
lite cell quiescence, self-renewal, proliferation, and myogenic
differentiation are being elucidated. The importance of systemic
environment and local niche in the regulation of satellite cell func-
tion has begun to be understood. In addition to satellite cells,
other sources of stem/progenitor cells, in particular those of en-
dothelial origin and resident to muscle tissues, have been shown
to be capable of effective myogenic differentiation and represent
exciting alternatives for cell-based therapies.
Several important questions remain to be resolved in the next
few years. Although it is now widely appreciated that the stem
cell niche plays a crucial role in stem cell function, the establish-
ment, localization, molecular composition, and function of satel-
lite cell niche has been elusive. Howdo satellite cells interact with
their niche? What establishes the orientation of cell division and
determines daughter cell fate? Understanding of these ques-
tions will help us to develop novel strategies to manipulate
the molecular mechanisms that control the proliferation, self-
renewal, and differentiation of stem cells responsible for muscle
growth and regeneration.
Proliferation of satellite cells on myofibers in vitro and in vivo
provides an excellent model for examining stem cell self-renewal
and asymmetric division. However, most current in vivo studies
are based on acute injuries induced by chemical or physical
treatments. It has not been assessed to what extent these injury
models mimic physiological or pathological conditions. What is
the myogenic contribution of different stem cells under physio-
logical conditions? Is there a developmental link between
myogenic mesoangioblasts, pericytes, and satellite cells? We
anticipate these questions will lead to successful stem cell-
based therapies to treat muscular diseases.
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